The ATLAS and CMS Collaborations have performed a variety of measurements of the top quark mass, taking advantage of the abundant production of top quarks at the LHC. The most recent measurements are reported here, based on data collected at 8 and 13 TeV, with particular emphasis on the distinction between the so-called "direct" measurements and the "indirect" evaluations obtained from cross sections and differential cross sections.
Introduction
At the CERN LHC, top quarks are produced in proton-proton (pp) collisions mainly as top quark-antiquark (tt) pairs. This production is quite abundant: more than 5 million tt pairs have been produced in the Run 1 at √ s = 7 and 8 TeV, and more than 100 million in the Run 2 at √ s = 13 TeV. The events collected from the chain pp → tt → W + bW − b have a final state distinguished by the decay of the two W bosons into dilepton, lepton+jets, and all-jets channels. The top quark mass (m t ) is a free parameter of the standard model (SM), which can be measured "directly" from the reconstruction of the decay products of the top quark, or "indirectly" comparing the tt cross section (inclusive or differential) to theoretical expectations, yielding a value determined in a well-defined theoretical scheme, e.g. the pole mass or the MS mass, as discussed for instance in [1] .
Precise measurements of m t , the W boson mass, and the Higgs boson mass are crucial, and can be used to test the self-consistency of the SM [2] , to explore models for new physics [3] , or to assess the vacuum stability [4] of the SM.
In the following, recent analyses carried by the ATLAS and CMS Collaborations are reported, mentioning the values of √ s and integrated luminosity.
Direct measurement of the top quark mass
The tt events collected by ATLAS [5] and CMS [6] in pp collisions have common physics signatures: isolated leptons (e or µ) with high transverse momentum (p T ); high-p T jets, some of which associated to the hadronization of b quarks (b-jets, i.e. b-tagged); missing transverse momentum (p miss T ) associated to neutrinos. In addition, because of the large value of √ s, top quarks can be produced at high p T , originating the so-called boosted jets, where the decay products of the top quark merge into a single wide jet. Using these physics objects, the tt → W bW b final state can be reconstructed, and kinematic distributions of variables sensitive to m t can be obtained. ATLAS: lepton+jets events at 8 TeV (20.2 fb −1 ). Events are selected [7] requiring the presence of one electron or muon, at least four jets, two of which btagged. A selection based on a boosted decision tree is applied to improve the correct kinematical matching to the tt → W bW b final state. A template method is applied, using in addition to the invariant mass of the reconstructed top quark and of the W boson, also the ratio between the p T sum of tagged and untagged jets, R reco bq = (p b1 T + p b2 T )/(p j1 T + p j2 T ), for the in situ calibration of the b-jet energy scale factors. The fit returns a value for m t of 172.08 ± 0.39 (stat) ± 0.82 (syst) GeV, with a total relative uncertainty of 0.53%. The systematic uncertainty is dominated by the jet energy scale (JES) uncertainty (0.54 GeV), the b-tagging modeling (0.38 GeV), and the jet energy resolution (0.20 GeV). A combination [7] of measurements at 7 and 8 TeV in the lepton+jets, dilepton and all-jets channels yields a top quark mass of 172.69 ± 0.48 GeV, with a relative uncertainty of 0.28%.
CMS: dilepton events at 13 TeV (35.9 fb −1 ). In this case, the value of the top quark mass comes from a simultaneous fit of m t and of the production cross section [8] . Events are selected requiring one electron and one muon with opposite charge, and defining categories based on the number of b-jets and of additional jets. The minimum invariant mass of the lepton+b-jet system is used in a template method, yielding m t = 172.33 ± 0.14 (stat) +0.66 −0.72 (syst) GeV, with a total relative uncertainty of approximately 0.42%, mainly due to the JES uncertainty (0.57 GeV), the limited size of Monte Carlo samples (0.36 GeV), and the background modeling (0.24 GeV).
CMS: all-jets events at 13 TeV (35.9 fb −1 ). Events with at least six jets, two of which b-tagged, are selected for this analysis. The measurement [9] is based on the so-called ideogram method where the kinematical reconstruction of the W bW b final state is followed by a likelihood fit, based on distributions of the W boson and top quark reconstructed masses, allowing for an in situ calibration of the jet scale factor (JSF). The value of top quark mass returned by the fit is m t = 172.34 ± 0.20 (stat + JSF) ± 0.43 (CR + ERD) ± 0.55 (syst) GeV, with a total uncertainty of 0.73 GeV (0.42%). The systematic uncertainty is mainly due to an advanced treatment of the modeling of color reconnection (CR) and early resonance decays (ERD), and to flavor-related jet energy corrections (0.34 GeV). A combination with results from the lepton+jets channel from the same data set yields m t = 172.26 ± 0.61 GeV, with a relative uncertainty of 0.36%.
ATLAS: lepton+jets with an additional soft µ at 13 TeV (36.1 fb −1 ). This new result [10], presented for the first time here, is based on events selected requiring one electron or muon, at least four jets, one of which b-tagged by a displaced vertex algorithm, and another one with a soft muon inside. The invariant mass of the primary lepton and the soft muon is used in a template method, distinguishing same-sign and opposite-sign events. The fit yields m t = 174.48±0.40 (stat) ±0.67 (syst) GeV, with a total relative uncertainty of 0.45%. Major contributions to the systematic uncertainty come from the heavy-flavor decay (0.39 GeV) and pileup (0.20 GeV) modeling.
Indirect determination of the top quark mass
An alternative approach is to extract the top quark mass "indirectly", comparing measured inclusive and differential cross sections to theoretical calculations as a function of an assumed pole mass (m pole t ) or MS mass (m t (m t )). ATLAS: inclusive tt cross section in the eµ channel at 13 TeV (36.1 fb −1 ). The inclusive tt production cross section is measured [11] from opposite-charged eµ events with one or two b-jets. The cross section is expressed as a function of m pole t , and compared to a prediction at next-to-next-to-leading order with next-to-next-to-leading-log resummation, see Fig. 1 GeV, where the major contributions to the systematic uncertainties are associated to the choice of parton distribution functions (PDFs) and α S , and variations in QCD scales.
ATLAS: differential cross section for lepton+jets tt+1jet events at 8 TeV (20.2 fb −1 ). Events are selected requiring one electron or muon and at least five jets, two of which b-tagged. The normalized differential cross section is derived [12] as a function of the variable ρ s = 2m 0 /m ttj , where m 0 = 170 GeV is a reference mass, while m ttj is the invariant mass of the tt + 1jet system. A comparison of this differential cross section to next-to-leading-order predictions, see Fig. 1 -right, yields a value m pole t = 171.1 ± 0.4 (stat) ± 0.9 (syst) +0.7 −0.3 (theo) GeV, with systematic uncertainties dominated by experimental contributions. A similar procedure is applied to derive the MS mass m t (m t ) = 162.9 ± 0.5 (stat) ± 1.0 (syst) +2.1 −1.2 (theo) GeV, with larger systematic uncertainties associated to scale variations. CMS: triple-differential cross section in dilepton events at 13 TeV (35.9 fb −1 ). The event selection requires 2 electrons or muons of opposite charge, and at least two jets, one of which b-tagged. A normalized triple-differential cross section is derived [13] as a function of the invariant mass and rapidity of the tt system, and of the number of additional jets not coming from the top quark decay. From a comparison to fixed-order next-to-leading-order predictions, m pole t and α S are extracted, yielding m pole t = 170.5 ± 0.8 GeV, see Fig. 2 -left, with uncertainties dominated by the fit procedure (0.7 GeV) and the QCD scales (0.3 GeV). A precision smaller than 1 GeV has been reached, similar to what obtained for direct measurements.
CMS: invariant jet mass distribution for boosted jets in lepton+jets events at 13 TeV (35.9 fb −1 ). The location of the peak in the jet invariant mass (m jet ) distribution is sensitive to m t , as calculated in soft collinear effective theory [14] . In this case [15] , events are selected requiring one electron or muon, at least one b-jet and at least one boosted wide jet. The wide jet is reconstructed with XCone [16] , a novel algorithm suitable to reconstruct wide jets and the subjets inside them, improving the m jet resolution and reducing underlying event and pileup effects. The normalized differential cross section as a function of m jet is compared in Fig. 2-right to theoretical predictions giving m t = 172.56 ± 2.47 GeV, with systematic uncertainties dominated by experimental effects (1.58 GeV) and signal modeling (1.55 GeV) .
CMS: running of the top quark mass in eµ events at 13 TeV (35.9 fb −1 ). The differential cross section as a function of the mass of the tt system is extracted at parton level from multidifferential distributions as a function of the tt mass, the smallest invariant mass of the lepton+b-jet system, and the p T of the softest jet [17] . Values of MS mass are extracted in each one of the bins of the differential cross section, at a scale µ k given by the average mass in each bin k. The observed evolution of the m t (µ k ) values agrees with the prediction from renormalization group equations at 1loop precision within 1.1 standard deviations. The no-running hypothesis is excluded at 95% confidence level. [13] . Right: normalized differential cross section as a function of m jet [15] .
Summary
Since the top quark discovery, made 24 years ago, the "direct" measurement of its mass has been actively pursued at pp/pp colliders recurring to a variety of channels and techniques. The precision reached is quite impressive, smaller than 0.3%, and expected to improve with ongoing and future measurements at the LHC, including refinements in the methodology. New attention is given to "indirect" measurements of the top quark mass through comparisons of inclusive and differential cross sections to predictions as a function of better theoretically-defined parameters as the pole mass or the MS mass. In the future, it will be more and more important to reduce the systematic uncertainties, mainly those related to signal modeling, with a thorough tuning of the parameters in the Monte Carlo generators, and also reduce the theoretical ambiguities in the definition of the top quark mass itself.
